Abstract. 2% of 57 Fe doped in Ca 1-x Sr x RuO 3 materials ( x ranging from 0 to 1) were prepared by a sol-gel method. The influence of the Sr/Ca ratio on the structural and magnetic properties of ruthenates was investigated by XRD and Mössbauer spectroscopy (15 -300 K). The refined lattice parameters indicate an expansion of the unit cell volume with Sr and a transition of the crystal symmetry from orthorhombic for x < 0.4 to tetragonal for higher Sr content. This transition is also manifested in the 57 Fe Mössbauer spectra through the change of: (a) the quadrupole splitting parameter, ( ~ 0.1 mm/s for x=0 and ~0 or slightly negative for x ≥ 0.4 samples). (b) The isomer shift (c) the magnetic hyperfine parameters (H eff ), and (d) the magnetic transition temperature, which increase with x. The temperature dependence of H eff is significantly different for the CaRu 0.98 57 Fe 0.02 O 3 as compared to samples with x = 0.6, 0.8 and 1. In the latter materials, Mössbauer spectra at low temperatures show a much wider distribution in H eff In particular, the field maximum probability decreases progressively with T, whereas for the x=0 material, it remains almost constant. Such behavior is closely related with the literature data on a spin glass ordering of Ca 1-x Sr x RuO 3 with x < 0.2 and a ferromagnetic behavior for the rich Sr samples.
INTRODUCTION
Ca 1-x Sr x RuO 3 ruthenates are the subject of an extensive basic research, especially due to their unusual magnetic, electronic and transport properties. There are also many reasons for the application research of this class of compounds [1] [2] [3] [4] [5] [6] . The end-member CaRuO 3 was found to be a potential electrode material for solid-oxide fuel cells thanks to its metallic conductivity and high chemical stability [1, 2] . Its high topotactic reduction/oxidation properties make it interesting for catalytic purposes [3] . The development of a strain induced metal-insulator transition observed in thin films of these materials was another step towards their technological applications [4] . CaRuO 3 epitaxial thin films present an easy growth, a good stability and only a small lattice mismatch with substrates. Thus, it is one of the most promising candidates for a formation of epitaxial heterostructures with other perovskites, say, like electrodes for superconductor-to-normal metal-to-superconductor junctions [5] , field-effect transistors with oxide-superconductor channels, ferroelectrics and magnetic multilayers [6] .
Although CaRuO 3 and SrRuO 3 reveal similar chemical and structural properties, their magnetic characteristics differ significantly [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . It is well established that SrRuO 3 is a metallic conducting ferromagnet with a Curie temperature, T C , of about 160 K as proved by static magnetic measurements, neutron diffraction studies and 99 Ru Mössbauer spectroscopy [7] [8] [9] . The magnetic ground state of the CaRuO 3 is still unclear and very controversial, but certainly not a clear-cut ferromagnetic state. At high temperatures it follows Curie-Weiss law with negative Weiss constant (Θ) about of -160K [9] . This value of Θ and the deviation from the Curie-Weiss law resulted in the primary suggestion of the antiferromagnetic-like behavior [10] . However, a neutron diffraction study could not confirm the existence of the antiferromagnetic order down to 1.5K [11] . Similarly, 99 Ru Mössbauer spectra collected down to 4.2 K did not show any magnetic splitting down to 4.2K [12, 13] . These experiments clearly demonstrate that long-range magnetic order does not exist in CaRuO 3 . Furthermore, Felner et al. observed irreversible magnetic phenomena below 87 K using DC magnetic measurements and 57 Fe Mössbauer spectroscopy, and they consequently proposed a possible spin-glass state [14] [15] [16] . Recently, such conclusion about spin-glass state with dominant short-range antiferromagnetic interactions was also supported with accurate generalized-gradient-corrected fully relativistic fullpotential calculations [17] . It is also well known that structural and magnetic properties of ruthenium-based perovskites depend significantly on a relative content of strontium and calcium [16] [17] [18] [19] [20] [21] [22] . In Ca 1-x Sr x RuO 3 system, it was found that Ca 0.8 Sr 0.2 RuO 3 is a canted-antiferromagnet ordered at 107 K. The perovskites with higher Sr concentration display ferromagnetic behavior and the saturation moment increases with increasing Sr content, while the coercive field decreases [16] . Similarly, the ferromagnetic transition temperature decreases with increasing Ca content with a possible spin glass ordering for a region of high calcium concentration (x < 0.2) [21, 22] .
Another factor influencing the magnetic behavior of Ca 1-x Sr x RuO 3 ruthenates is a doping with Fe. Felner et al. reported that T C of CaRu 1-x Fe x O 3 (up to x = 0.15) is similar to that of pure CaRuO 3 . However, the doped Fe induces a ferromagnetic structure [15] . A charge compensation, which is assumed to be present upon Fe 3+ substitution, results in the appearance of low-spin Ru 5+ ions, which reduce the paramagnetic moment. A second magnetic transition around 250 K is observed for Fe concentrations of x = 0.25 and 0.35, which is probably caused by Fe-rich clusters. This behavior is consistent with an inhomogeneous ferromagnetism found in other perovskite systems. In contrast to polycrystalline sample, the Mössbauer study of CaRu 0.98 57 Fe 0.01 O 3 single-crystal revealed that no magnetic order exists at temperatures down to 15 K, however, a sextet was observed at 2 K [23] . The effect of Fe substitution in the bad metal SrRuO 3 perovskite was studied by Bansal et al. using resistivity, magnetic susceptibility and Mössbauer spectroscopy measurements [24] . The magnetic data showed a change from ferromagnetic to paramagnetic behavior for x Fe ≥ 0.3.
In this first complex Mössbauer study, Ca 1-x Sr x RuO 3 ruthenates doped with 2% of 57 Fe and x ranging from 0 to 1 were prepared by a sol-gel method with the aim to consider the influence of the chemical composition of ruthenates on the distribution of magnetic hyperfine fields, temperature dependence of the hyperfine parameters, magnetic transition temperature and other characteristics. The obtained magnetic data are compared with those published for the same class of compounds synthesized by a solid-state reaction and with a different degree of 57 Fe doping.
MATERIALS AND METHODS
Polycrystalline Ca 1-x Sr x RuO 3 ruthenates with various compositions (x=0, 0.2, 0.4, 0.6, 0.8, 1) were prepared by dissolving SrCO 3 , CaCO 3 , metal Fe and RuO 2 in ethylene glycol solution, containing citric acid and nitrate, and followed by decomposing the organic solvents at 500 o C for 5 hours in air and further annealing at 850 o C for 10 hours in air [25] . The crystal structure and phase purity of samples was monitored by XRD using a Seifert-FPM diffractometer with CuKα radiation and conventional θ-2θ geometry. The transmission 57 Fe Mössbauer spectra of 512 channels were collected using a Mössbauer spectrometer in constant acceleration mode with a 57 Co(Rh) source. The measurements were carried out at temperatures ranging from 15 to 300 K using a cryostat with closed He-cycle.
RESULTS AND DISCUSSION
The crystal structures of polycrystalline Ca 1-x Sr x RuO 3 samples doped with 2% of 57 Fe were deduced from XRD patterns, which confirmed the purity of all synthesized compounds. The cell volumes of the individual perovskites calculated after the refinement of the lattice parameters are shown in Fig. 1a . It is clearly seen that the cell volume increases with the strontium content, similarly as previously described for the ruthenates of the same chemical compositions prepared by solid-state reactions without 57 Fe doping [16] . As a result of the change of the lattice parameters with varying chemical composition, the Ca-rich ruthenates (x=0, 0.2) were found to be orthorhombic, while other (x=0.4, 0.6, 0.8, and 1) display rather a tetragonal structure. The differences in the crystal structures of the ruthenates are manifested by a significant shift of the diffraction line positions, as illustrated with XRD Fig. 3a and 3b , respectively. The hyperfine parameters obtained by fitting the spectra recorded at different temperatures are summarized in Table 1 . Fe 0.02 O 3 end-member in comparison with the Sr-bearing ruthenates, observed in XRD patterns, is also clearly manifested through the values of the quadrupole splitting parameters of magnetically split spectra (see Table 1 ). The Sr-rich ruthenates with x = 0.6, 0.8 and 1 exhibit the quadrupole shift about zero while the calcium ruthenate reveals the value about 0.1, probably as a result of different crystal symmetry. The temperature dependent Mössbauer spectra indicate the increase of the magnetic transition temperature with increasing Sr content. The highest temperatures at which magnetically ordered component was identified in Mössbauer spectra of the ruthenates are 52, 73, 93 and 138 K for samples with x = 0, 0.6, 0.8 and 1, respectively. The isomer shift parameter also shows a slight increase with the Sr concentration as clearly seen from the values obtained at the lowest temperatures about 20K (see Table 1 ).
Industrial Applications of the Mössbauer Effect
The thermal evolution of the Mössbauer spectra was found to be significantly different for the CaRu 0.98-57 Fe 0..02 O 3 end-member (Fig. 2a) as compared to other analyzed samples with x = 0.6, 0.8 and 1 (Fig. 2b, 3a, 3b) . The magnetically split component appears in the spectra of CaRu 0.98 57 Fe 0.02 O 3 measured below the liquid nitrogen temperature. This is in a good accordance with the irreversible magnetic phenomena observed in M(T) curves and FC/ZFC curves of polycrystalline CaRuO 3 samples below 80 K [14] [15] [16] 23] 15 K [23] . This finding can be related either with a significant influence of the degree of the iron doping on the magnetic behavior of ruthenates even at very low 57 Fe concentrations or with different structural properties of the polycrystalline and single crystal samples. It should be emphasized that the distribution of the magnetic hyperfine fields observed at low temperatures in CaRu 0.98 57 Fe 0..02 O 3 is much narrower in comparison with other Sr-rich ruthenates and both the average field and the field of maximum probability increase only slightly with decreasing temperature. On the other hand, low temperature Mössbauer spectra of the Sr-rich ruthenates (x = 0.6, 0.8, 1) doped with 57 Fe show much wider distribution of the magnetic hyperfine fields (Fig. 4) . Such a behavior is closely related with the literature data on a spin glass ordering of ruthenates with a high calcium concentration (x < 0.2), while the perovskites with a higher Sr concentration display a ferromagnetic behavior [21, 22] . 
